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A B S T R A C T
Multilayer thin ﬁlms have the potential to act as high dielectric strength insulation for wire and microelectronics.
In this study, ﬁlms consisting of 2, 4 or 8 layers, composed of Al2O3 with SiO2 or Ta2O5, were prepared via pulsed
direct current and radio frequency magnetron sputtering to a thickness of between 152 and 236 nm. The di-
electric strengths of all ﬁlms exceeded the 310 Vμm−1 achieved for PDC Al2O3. Maximum dielectric strengths
were obtained for four layer composites; Al2O3-SiO2-Al2O3-SiO2 (466 Vμm−1) and Al2O3-Ta2O5-Al2O3-Ta2O5
(513 Vμm−1), each containing two PDC-Al2O3 and two RF-SiO2/Ta2O5 layers. Whilst the average dielectric
strength was higher in the Ta2O5 composites, they suﬀered from higher leakage prior to breakdown with ca.
6.5 nA compared to ca. 0.1 nA for SiO2 composites. The mechanical properties of the composites were poorer due
to increased intrinsic coating stress. Samples exhibited complete interfacial delamination with maximum coating
adhesion strengths of 22 and 25MPa. The variance resulted from larger coeﬃcient of thermal expansion for
Ta2O5 compared to SiO2. Sputtered composites of Al2O3 and either SiO2 or Ta2O5 had high breakdown strength
with reasonable adhesion and could be suitable for insulating copper conductors in the aerospace and auto-
motive industries.
1. Introduction
Highly insulating ceramic ﬁlms are of great interest as dielectric
layers in microelectronics for thin-ﬁlm capacitors and ﬁeld eﬀect
transistors [1,2]. Furthermore, thin high-strength dielectric ﬁlms oﬀer a
route to improve packing densities in wire insulation and are desirable
in aviation and automotive applications, where a drive for electriﬁca-
tion is pushing for the improvement of all aspects within electrical
systems. As such, lightweight, thermally stable and high breakdown
strength insulation is required for windings in motors and actuators [3].
An airbus A3800–800 contains ca. 470 km of wire with a total weight of
5700 kg. The electrical insulation commonly consists of PTFE/poly-
imide/PTFE composites, because of its arc track resistance, compared to
polyimide alone and maximum operating temperature of ca. 260 °C
[4,5]. With the further evolution of more electrical aircraft the amount
of wire used is bound to increase, whereby improvements in dielectric
strength/ thermal stability of the insulation could be used to reduce the
weight and space taken up by the total wire [3].
Physical Vapour Deposition (PVD) techniques such as magnetron
sputtering have been shown to be capable of producing alumina ﬁlms
with dielectric strength as high as 1.5 kVμm−1, such as those produced
by Carreriet al. when using special power supplies to pulse the Direct
Current (PDC) power and quench arc events [6–8]. Further to these
desirable electrical properties PDC alumina ﬁlms are considered a sui-
table base material for electrically insulating multilayer composites as
they have been shown to adhere well to copper, exhibiting pull oﬀ
adhesion values of up to 56MPa and have deposition rates up to 76
nmh−1 with sample rotation [8]. Sputtering is also attractive because
the thin ﬁlms it deposits can be tailored to prevent cracking and dela-
mination, namely by monitoring thickness and mitigating thermal ex-
pansion variation and high internal stress [9,10].
Multilayer materials have been used as a route to combine desirable
material properties, such as in ceramic capacitors where multilayers
improve electrical properties including dielectric constant and
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dielectric strength, by introducing barriers to current ﬂow and defect
ﬁlling [11–13]. It is important to consider barrier layer thickness, as
shown by Chu and Shen where increasing the number of layers from 174
to 800 in TiN/TiBN ﬁlms was shown to result in a 50% reduction in
hardness and a 79% reduction in adhesive scratch failure [14]. Film
doping is another potential route to improving the dielectric strength of
sputtered ceramics; for instance a 10mol% lanthanum inclusion was
shown to increase the dielectric strength of sol-gel Al2O3 ﬁlms from 310
to 393 Vμm−1 and reduce leakage current three fold, as shown by Zou
et al. [15]. However, multilayers are more appropriate because of the
higher level of consistency attainable, because of issues with complex
preferential sputtering and target erosion during sputtering from com-
pound and composite targets when doping [16]. Preferential sputtering
is caused by the varying sputtering yields of elements in a compound
target, which results in a coating composition which diﬀers from the
target [17].
SiO2 is an attractive option for use in multilayer materials and it has
been sputtered using various power supply options from Si or SiO2
targets. Films deposited using reactive radio frequency (RF) sputtering
by Jun et al. achieved good dielectric strengths up to 570 Vμm−1,
higher than that of sputtered alumina ﬁlms produced in previous work
[18,19]. However, these RF sputtered ﬁlms suﬀer from low deposition
rate, for example ca. 300 nmh−1 without sample rotation, making them
impractical from a fabrication standpoint. Multilayer ﬁlms consisting of
sputtered Al2O3 and SiO2 produced byMartínez-Perdiguero et al. showed
a two fold increase in dielectric strength when comparing the electrical
properties to those of Al2O3 alone [20]. Also displaying a maximum
dielectric strength of> 160 Vμm−1 for an annealed 8 layer structure.
Improvements in this case were attributed to structure stabilisation.
Al2O3-SiO2 multilayer materials have also been studied for gas diﬀusion
barriers as produced by atomic layer deposition and sputtering [13,21].
These multilayers have found such application because of subsequent
layers ability to close pinhole defects. In the case of electrical insulating
ﬁlms this eﬀect would also be beneﬁcial.
Ta2O5 is another ceramic which has often been utilised in the
electronics industry, as a material with a very high dielectric constant
of up to 23, therefore, it is a highly attractive material for thin ﬁlm
capacitors among other applications [22]. Ta2O5-thin ﬁlms have been
frequently deposited using various techniques as discussed by Chane-
liere et al. [23]. Deposition of ﬁlms using RF sputtering has been able to
produce materials with high dielectric strength, such as 400 Vμm−1
achieved by Oehlein et al. and 600 Vμm−1 for ca. 60 nm ﬁlms deposited
by Seki et al. [24,25]. Ta2O5 Al2O3 nano laminates have been produced
using ALD by Smith et al. [26]. These ALD composites were produced as
ﬁlms for capacitors and to have a high dielectric constant between 8.9
and 23.9 for pure Al2O3 and Ta2O5 respectively. Their work showed
that the layered ﬁlms exhibited lower leakage current values than Al2O3
alone over certain applied voltage ranges.
Dielectric properties have been reported for layered magnetron
sputtered Al2O3-SiO2 composites. However, reports are lacking for
layered magnetron sputtered Al2O3-Ta2O5 composites and further elu-
cidation is required to fully understand the mechanisms by which in-
corporating multilayers improves the dielectric strength in both mate-
rial systems [20,26]. A more substantial assessment of the eﬀect of the
number of layers and the layer thickness would also aid in the future
design of high performance ceramic multilayers to increase the di-
electric strength and adhesion strength. Further to this it is noted that
AFM breakdown methods have not been used to measure the properties
of composite materials with such thickness, which is usually limited to
ultra-thin ﬁlms and it is important to show the methods applicability
[27–29].
The aim of this study is to utilise the potential of multi-layered
ceramic ﬁlms, based upon pulsed direct current sputtered Al2O3 with
either RF sputtered Ta2O5 or SiO2 to improve the dielectric strength of
the single layer Al2O3 ﬁlms as previously deposited [8]. The combina-
tion of PDC and RF sputtering is proposed in order to utilise the high
quality of RF ﬁlms and the higher deposition rates of PDC deposition
whilst also facilitating blending to prevent cohesive failure and limiting
the requirements for multiple optical emission monitoring (OEM) sys-
tems. All of this is carried out in order to produce the next generation of
thermally stable, high breakdown strength insulators, which maintain
adhesive properties to copper substrates.
2. Methodology
2.1. Coating and sample preparation
Cu disk substrates of 5 and 10mm diameter with a thickness of
2mm were punched from Cu sheet (Cu-CW004A-H065 of 99.9% purity)
and were polished using sequentially higher grit silicon carbide
grinding and polishing papers (240 to 4000 Grit) with water as a lu-
bricant. Followed by colloidal silica polishing (particle size of 0.06 μm)
using an MD-Chem polishing pad (Struers®). Samples were then ultra-
sonicated for 10min each in acetone and ethanol. Coatings were
RF addition (B)
(SiO2 or Ta2O5)
PDC Al2O3 (A)
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Fig. 1. TEER UDP-650 front on conﬁguration with targets
in Mag 2 (RF Cu), Mag 3 (PDC Al) and Mag 4 (RF SiO2 or
RF Ta2O5). The OEM is located above mag 3 and is used to
control plasma intensity of the Al target used to prepare
multilayer PDC alumina materials with a blended copper
aluminium interlayer. On the right is a summary of the
nomenclature used to refer to the Al2O3-Ta2O5 and Al2O3-
SiO2 composites produced in this study (where A refers to
PDC alumina and B refers to the RF addition SiO2 or
Ta2O5).
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deposited in a TEER UDP-650 magnetron sputtering rig (see Fig. 1 for
sputtering rig layout and magnetron placement). Al targets were pre-
cleaned until the optical emissions monitoring (OEM) plasma intensity
returned to that of the un-poisoned target. Optical emission monitoring
and optimisation has been discussed previously and is used to control
the ﬂow of reactive gas, in order to deposit stoichiometric materials [8].
The optical emissions monitoring system monitors the intensity of the
plasma and is calibrated when sputtering in 100% argon, the reactive
gas is then added until the intensity is decreased to a desired set point.
An OEM set point of 23% was used to deposit Al2O3 from an Al target in
this study. The Cu target (mag 2 – Fig. 1) was pre-cleaned for 10min at
60W. RF targets (mag 4 - Fig. 1) were pre-cleaned for a total of 15min
with a 5min power ramp up stage, so as not to damage the target.
Films were sputtered to a total thickness of ca. 200 nm with a
varying number of layers. Alternate layers of pulsed DC Al2O3 (allo-
cated A) and RF SiO2 or RF Ta2O5 (the added RF layer is allocated B)
were deposited so as to form AB, ABAB (2AB) and ABABABAB (4AB)
composites as seen in Fig. 1 using deposition parameters as shown in
Table 1.
Al2O3 layers were sputtered using pulsed direct current sputtering
according to ﬁlms as produced by in a previous study, with a blended
Cu/Al interlayer [8]. The Al interlayer was deposited using PDC power
at 4 A as opposed to 6 A DC as used in the previous study. This was
primarily done to achieve stable arc free deposition. Sputtering times
were used as in Table 1 in order to deposit a ﬁlm of ca. 200 nm total
thickness, containing ca. 150 nm of pulsed DC Al2O3. Note that RF
magnetrons were allowed to ramp for 15min prior to the time given in
Table 1 and also allowed 15min to ramp to 0 following each layer,
creating the blended interfaces.
2.2. Characterisation
2.2.1. Fourier transform infrared spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) was carried out
using a Bruker Tensor FTIR instrument. An Attenuated Total
Reﬂectance (ATR) attachment with a diamond mirror and ZnSe lens
was used to measure sample IR absorbance between 500 and
1500 cm−1 wavenumbers. A resolution of 4 cm−1 was used.
2.2.2. XRD
X-ray Diﬀraction (XRD) was carried out using a Bruker D8
Advanced diﬀractometer. A glancing angle of 1.2o was applied with a
step size of 0.04o and a counting time of 20 s, scanning between 2θ
values of 15 and 80o. Diﬀraction patterns were analysed using Bruker's
EVA software.
2.2.3. XPS
X-ray photoelectron spectroscopy (XPS) was used to determine the
elemental composition of the top surface (ca. 5 nm) of the material
[30]. Samples were analysed in an ESCA lab mark II with an Al Kα non-
monochromatic X-ray source at< 10−7 Torr. A survey spectra was
collected from two scans between 0 and 1200 eV with a step size of
1.0 eV and a dwell time of 0.2 s. Five high resolution scans of O_1S, C_1S
and either Ta_4F or Si_2P were averaged with a step size of 0.2 eV and a
dwell time of 0.4 s. Charge shift correction was applied to all spectra
through calibration with the C_1S peak using the ideal value of
284.8 eV.
2.2.4. SEM
Coated copper samples were mounted in resin perpendicular to the
normal to obtain polished cross section as in Section 2.1. Samples were
ultra-sonicated and iridium coated (ca. 8 nm) using a Q150R Plus
coater. Samples thickness and structure were determined using A JEOL
7100F Field Emission Gun Scanning Electron Microscope (FEG-SEM)
operating at 15 kV, with a working distance of 10mm.
2.3. Mechanical testing
2.3.1. Pull oﬀ testing
In accordance with ASTM-D4541–09 DFD E1100S epoxy was ap-
plied to a cleaned 2.8mm diameter stub and pressed onto a 10mm
diameter coated Cu disk. The stub was pressed down to remove any air
and then cured on a heating plate for 1 h at 140 °C. Once cured any
excess glue from around the stub was removed with the supplied cy-
lindrical cutting tool. The samples were tested with a DFD instruments
P.A.T. handy pull oﬀ adhesion unit and adhesion strength in MPa was
recorded. A Nikon LV100ND light microscope was then used to de-
termine the failure mechanism. Eight measurements were carried out
for each sample type. A FEI Quanta 650 microscope equipped with an
Oxford Instruments X-Max -150 EDX Detector was used for elemental
mapping of the pull oﬀ stubs.
2.4. Electrical testing
2.4.1. AFM dielectric breakdown measurements
Atomic Force Microscopy (AFM) was utilised to measure the di-
electric breakdown of the ﬁlms as deposited onto copper disks. This was
carried using an Oxford Instruments Cypher S equipped with a high
voltage module and an Asylum Research ASYELEC.01 Ti/Ir coated tip
[31]. Measurements were carried out by generating a 30× 30 μm to-
pographic image (in tapping mode) and then a grid of 4×4 locations
was used on top of the image. At each location a voltage ramp (0–150 V
at a rate of 37.5 Vs−1) was applied to the copper substrate until a sharp
increase in current was detected through the probe.
3. Results
3.1. Structural characterisation
FTIR spectra for RF sputtered SiO2 shows peaks resulting from SieO
bonds at 1151 and 807 cm−1. RF Ta2O5 spectra displayed a broad ab-
sorbance band with peaks at 745 and 890 cm−1. Multilayer composites
contained a spectra resulting from the superimposition of these peaks
with an AleO LO phonon vibration peak at ca. 900 cm−1. The SiO2
composites display an additional peak at 1229 cm−1. All peaks for RF
ﬁlms and composites have been identiﬁed in Fig. 2a. Diﬀraction pat-
terns (see Fig. 2b) showed the X-ray amorphous nature of all of the
ﬁlms, suggested by broad diﬀraction associated with an amorphous
hump, which resulted from contributions from both the ﬁlm and
amorphous glass substrate. In the case of RF Ta2O5, two broad
Table 1
Alumina coating parameters for the multilayer composite ﬁlms. Note the time used for RF stages (Ta2O5 or SiO2) excluded the 15min ramp stages prior and post layer
formation. The initial PDC layer was followed with either RF Ta2O5 or RF SiO2 depending on the type of composite being produced.
Layer conﬁg. PDC Al2O3 per layer (min) RF Ta2O5
per layer (min)
RF SiO2 per layer (min) RF target power (W) Ar Gas Flow (sccm) Pulse Freq. (kHz) Duty Cycle
(%)
AB 133.3 30.9 155.4 100 140 150 40
2AB 66.7 15.0 77.2 100 140 150 40
4AB 33.3 7.2 38.6 100 140 150 40
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amorphous humps can be seen which correlate to amorphous Ta2O5.
XPS spectra gave the stoichiometry and binding energies of the top
5 nm layer of the ﬁlms. Binding energies of 26.3 ± 0.1 eV were ob-
served for Ta_4F photoelectrons, whereas binding energies of
103.2 ± 0.1 eV were observed for Si_2P photoelectrons with a
shoulder at 100.5 ± 0.1 eV, see Fig. 2c and Table 2. The amount of
non-stoichiometric silicon calculated from the Si peak was seen to
increase with an increasing number of layers. Yielding a transition from
1.9 to 16.1% between AB and 4AB composites. The Si:O ratios for the
ﬁlms varied between 0.43 and 0.62 where the ideal Si:O is 0.5. No
peaks were found in the Ta2O5 composite spectra resulting from Ta0
and the Ta:O ratios were generally consistent between, 0.35 and 0.4
where the ideal ratio is 0.4.
Deconvolution of the O_1S peak for the SiO2 composites gave in-
formation as to the binding energy and composition of the Si species,
see Table 3 for the oxygen binding energies and percentages de-
termined by deconvolution.
Cross-sectional SEM imaging was used to show ﬁlm thickness for
use in the dielectric breakdown strength calculations. Layers could not
be distinguished in most cases due to limiting resolution of the instru-
ment and similar appearance, however, using backscattered imaging for
Ta2O5 composites some layer structure could be seen in AB and 2AB
ﬁlms (the light areas can be seen resulting from the high molecular
weight ca. 181 gmol−1 Ta atoms) as seen along with sample thickness
in Fig. 3 and Table 4. All ﬁlms appeared to be predominately feature-
less. The layers in SiO2 composite ﬁlms were not clearly observed in
backscattered or secondary electron mode (see Fig. 3).
3.2. Electrical testing
Dielectric breakdown measurements revealed a range of break-
downs for the multilayer materials. The highest dielectric strength was
observed in both the case of Ta2O5 and SiO2 composites where the 2AB
motif was used, at 513 and 466 Vμm−1 respectively. The lowest di-
electric strength was seen in AB ﬁlms at 332 and 350 Vμm−1 for SiO2
and Ta2O5 respectively.
The standard error in the voltage measurements was at least four
times lower for Ta2O5 ﬁlms as seen in Table 4, the error in AB ﬁlms was
also highest for each set of materials as seen in Table 4 and Fig. 4. The
maximum leakage current prior to breakdown was determined using
the current applied ﬁeld plots and was shown to be up to ca. 60 times
larger in the Ta2O5 composites, with maximum leakages of ca. 6.48,
3.13 and 2.35 nA (AB, 2AB, 4AB) whilst leakage prior to breakdown
was< 0.1 nA in all Al2O3-SiO2 composite ﬁlms. Oscillations in the
current leakage prior to breakdown were also seen in Ta2O5 composites
but not in SiO2 composites, see Fig. 4b.
Fig. 2. a) FTIR spectra for Ta2O5 and SiO2 composites as deposited onto copper
foil. The main absorbance bands and their assignments have been indicated. b)
shows XRD diﬀraction patterns for Ta2O5 and SiO2 composites as deposited
onto glass coverslips, indicating the ﬁlms amorphous nature. c) XPS peak de-
convolution for Ta2O5 and SiO2 composites (as deposited onto Cu disks, identity
of the peaks ﬁtted are indicated).
Table 2
XPS Ta_4F and Si_2P binding energies, elemental ratios and oxidation states for
composite ﬁlms as deposited onto Cu disks.
Layer conﬁg. Ta5+_4F (eV) Ta0_4F (eV) Ta0% Ta:O ratio
Ta2O5 RF 26.3 N/A N/A 0.39
AB 26.2 N/A N/A 0.35
2AB 26.3 N/A N/A 0.39
4AB 26.2 N/A N/A 0.40
Layer conﬁg. Si4+_2P (eV) Si1+_2P (eV) Si1+ % Si:O ratio
SiO2 RF 103.2 100.8 3.5 0.43
AB 103.2 100.2 1.9 0.62
2AB 103.2 100.2 4.4 0.58
4AB 103.2 100.3 16.1 0.56
Table 3
Binding energies and contribution of Si in the O_1S high resolution spectra from
SiO2 composites as deposited onto Cu disks.
Layer conﬁg. Si4+ Shoulder 1 Shoulder 2
(eV) % (eV) % (eV) %
RF 532.6 68.8 534.6 29.1 531.6 2.1
AB 532.5 93.9 534.5 3.4 530.2 2.6
2AB 532.6 91.2 534.5 5.1 530.8 3.7
4AB 532.56 93.6 534.5 4.4 530.7 2.2
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3.3. Mechanical testing
Pull oﬀ testing carried out on the multilayer composite ﬁlms showed
that the adhesive strength varied between 11.4 ± 1.8 and
34.3 ± 4.4MPa with failure occurring through complete interfacial
delamination and partial interfacial delamination between the coating
and the substrate for all of the ﬁlms. Average pull oﬀ values and failure
mechanisms for each ﬁlm are given in Table 5.
It can be seen that Ta2O5 composites produced with an AB layer
conﬁguration had a larger adhesion strength than the other Ta2O5
composites by ca. 1.5 times. Whilst the highest adhesion seen in SiO2
composites was for the 4AB layer structure. EDX of the pull oﬀ stubs
revealed a layer of copper on tested samples indicating that failure
occurred at the initial CueCu interface (see Fig. 5).
4. Discussion
The deposition of amorphous thin SiO2 and Ta2O5 composites using
RF power was shown to be possible with FTIR (showing bonding peaks
for each component of the ﬁlms) and XPS which conﬁrmed the ex-
pected bonding conﬁgurations and desired compositional stoichiometry
for the surface layers of the composites (see, Fig. 2). These materials
were combined with PDC Al2O3, as deposited previously with a view to
improving the dielectric strength above 310 Vμm−1 [8]. RF sputtered
SiO2 and Ta2O5 both have the potential to have high breakdown
strength as reported in the literature (higher than that achieved for
pulsed DC alumina alone 570 and 600 Vμm−1 respectively) making
them ideal candidates for the multicomponent ﬁlms [19,25]. The use of
multi-layers is attractive because of the potential for suppression of
charge transfer as explored by Mackey et al. for extruded polymer ﬁlms
[32]. The changes in mechanical and electrical properties will be dis-
cussed in the following section.
4.1. Structural
For the composite ﬁlms multiple infrared absorption peaks asso-
ciated with the composites constituent layers were seen, see Fig. 2. For
Ta2O5 composites a broad absorbance peak resulted from AleO phonon
vibrations combined with Ta2O5 peaks at ca. 785 cm−1 The Ta2O5 peak
decreased in intensity from 0.97 to 0.92 a.u. with respect to the peak at
ca. 820 cm−1 as the Ta2O5 RF surface layer decreased in thickness. The
decreasing layer thickness resulting in a diminished absorption peak,
Ta-O-Ta peaks were similarly observed by Mannequin et al. in electron
beam evaporated and sputtered ﬁlms [22].
The FTIR spectra of SiO2 composites had overlapping AleO and
SieO peaks, similar combinations of peaks - resulting from Al2O3 and
SiO2 vibrations and Al-O-Si linkages - were seen in heat treated Al2O3-
SiO2 composite aerogels produced by Wu et al. [33]. Hence assignment
of the peak at 1229 cm−1 was to either Al-O-Al bonding or Al-O-Si
bonding. This could suggest Al-O-Si bonding at the Al2O3, SiO2 inter-
faces, which may lead to improved adhesion [34].
Discrete layers were too thin to be imaged using SEM techniques, as
seen in Fig. 3. The XRD pattern for RF Ta2O5 was not replicated in
multi-layer Ta2O5 ﬁlms, this was because the sample used to measure
the RF properties was deposited to 774 nm whilst the Ta2O5 layers in
the composites had a total and maximum thickness of 50 nm which
resulted in the single amorphous hump, due to a lack of instrument
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Fig. 3. Secondary and back scattered (inset) Cross sectional SEM of composite ﬁlms Ta2O5 (top) and SiO2 (bottom) as deposited onto Cu disks and mounted in resin.
Average ﬁlm thickness are displayed in Table 4.
Table 4
Breakdown voltage and dielectric breakdown for Ta2O5 and SiO2 multilayer
composites as deposited onto Cu disks. Layer structure and overall ﬁlm thick-
ness has been included (and was used to calculate the dielectric strength).
Layer
conﬁg.
Thickness
(nm)
Breakdown
AVG. (V)
Error (V) N Dielectric
Strength
(Vμm−1)
SiO2 AB 191 ± 4 63.4 30.4 16 332
2AB 182 ± 4 84.9 15.6 16 466
4AB 236 ± 11 98.3 16.5 16 416
Ta2O5 AB 203.± 6 71.0 7.5 16 350
2AB 152 ± 4 78.0 2.1 16 513
4AB 210 ± 9 84.6 4.1 16 403
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sensitivity.
All the RF layers used for the 4AB composites had a thickness in
excess of the XPS penetration depth such that all the photo electrons
originated from the surface of the top layers of Ta2O5 or SiO2. For the
Al2O3-SiO2 composites XPS determined that the level of Si1+ increased
in every instance where the number of layers was increased, hence the
layers decreased in thickness. Deconvolution of the O_1S peaks (not
shown) was used to determine the identity of the Si1+ species. This
analysis showed that the Si1+ shoulders were made up of contributions
from surface hydroxides at 534.5 ± 0.1 eV accounting for between 2.1
and 3.7% and SiO2-X species at 530.6 ± 0.2 eV accounting for between
3.4 and 5.1%. The amount attributed to SiO2-X species was lower than
the 29.1% seen for RF ﬁlms [35]. This improvement – with respect to
the level of SiO2-X in RF ﬁlms - is attributed to target conditioning
during reactive PDC Al2O3 sputtering as well as the decreased sput-
tering time [36]. These parameters combined to decrease the eﬀect of
preferential sputtering on the ﬁlm composition. This, however, cannot
account for the large increase in the Si1+ shoulder seen for 4AB ﬁlms.
The lack of Al_2P photo electrons in the survey spectra rules out the
inﬂuence of compound material at the boundaries (such as Al-O-Si as
suggested by FTIR) on the XPS results, thus the amount of Si1+ in the
ﬁlms. This is therefore likely a result of the increase in total sputtering
time (when considering the multiple blending stages required for the
4AB ﬁlms) resulting in preferential sputtering eﬀects, which increased
the amount of compositional defects.
Conversely, the Al2O3-Ta2O5 ﬁlms emitted only Ta5+ photoelec-
trons and had stoichiometry which varied between a Ta:O ratio 0.35
and 0.4, as seen in Table 2. Thus it is likely that conditioning stages
during PDC sputtering was suﬃcient to produce stoichiometric Ta2O5
ﬁlms. Deconvolution of the O1_S peak in this case yielded two peaks
similarly to work by Mannequin et al. who showed the possibility of the
peak resulting from OeH, oxygen vacancies or OeC from contaminants
or surface species [22,37].
4.2. Electrical characterisation
Dielectric breakdown measurements of the composite ﬁlms showed
a signiﬁcant improvement in the dielectric strength of 2AB and 4AB
composites, resulting in a minimum increase of 93 ± 37 Vμm−1
compared to PDC Al2O3 alone, whilst the diﬀerence between the AB
and PDC ﬁlms was insigniﬁcant. The improvements in 2AB and 4AB
composites are likely a result of barrier properties of the inserted layers,
whereby they inhibit the ﬂow of current through defect sites within the
ﬁlms, meaning that charge transit through the thickness of the material
occurs at a higher applied ﬁeld. Barrier eﬀects have been studied for
solid polymer dielectrics by Geﬂe et al. who discussed a mechanism by
which material interfaces prevent charge propagation across ﬁlms im-
proving the dielectric strength [12]. Other work which implemented
clay modiﬁcation of polymers was shown to improve dielectric strength
by up to 17.2% [38,39]. The improvement was attributed to the sup-
pression of charge injection and migration, which resulted in the in-
hibition of an electron cascade. Interestingly, bi-axially orientated
polypropylene only showed marginal improvements (1.1%) because of
its intrinsic dielectric strength. Mattox also noted that multilayers can
be useful for decreasing the number of pinholes resulting from ab-
normalities during growth [40].
Taking this research into account it can be seen that incorporating
Fig. 4. AFM measurement of current, applied ﬁeld plots indicating the onset of
breakdown and current leakage prior to breakdown. a) Plots for SiO2 compo-
sites, including a high resolution graph showing the low leakage current
(< 0.1 nA) prior to breakdown. b) Plots for Ta2O5 composites which Includes
high resolution graphs showing current oscillation associated with charge
trapping and de trapping, prior to break down. For both materials the layer
conﬁguration is indicated in the key.
Table 5
Average adhesive pull oﬀ strength (MPa) and failure mechanism for Ta2O5 and
SiO2 multilayer ﬁlms as deposited onto Cu disks.
Sample Average failure
strength (MPa)
Complete
interfacial
failure
Partial
interfacial
failure
Failure in
Adhesive
Ta2O5 AB 24.6 ± 3.1 4 3 0
2AB 16.0 ± 2.2 8 0 0
4AB 15.3 ± 2.8 8 0 0
SiO2 AB 22.0 ± 3.4 6 2 0
2AB 11.4 ± 1.8 8 0 0
4AB 34.3 ± 4.4 1 7 0
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barrier layers with a higher dielectric strength relative to the base
material has the potential to increase the breakdown strength and lower
leakage current. It is suggested that the mechanisms for the improve-
ment in SiO2 and Ta2O5 composites include: capping structural and
compositional defects, prevention of charge injection and disrupting the
growth of breakdown channels. The work by Ren et al. showed mate-
rials with suﬃcient intrinsic breakdown strength were not aﬀected by
layering, thus the RF deposition method is seen as key to producing
ﬁlms with high enough breakdown voltage to act as suﬃcient barrier
layers in the PDC Al2O3.
In ceramic multilayers produced by Martinez-Perdiguero et al. a two
times improvement in the dielectric strength of sputtered SiO2-Al2O3
composite coatings was noted, giving a maximum of 80 Vμm−1. This
condition was met when transitioning from single layer Al2O3 into 2,4
and 8 layer composite materials [20]. Improvements of this kind could
be the result of added layers masking structural or compositional de-
fects, such as in the Al2O3-SiO2 gas diﬀusion barrier ﬁlms, produced
using ALD by Dameron et al. [13]. AFM is a powerful tool which has the
capability of generating dielectric breakdown measurements and cur-
rent voltage data which can be used to determine leakage current. This
method allows high spatial resolution in a well-deﬁned array avoiding
the eﬀect of making multiple measurements too close to one another
and allowing the avoidance of extrinsic defects. AFM has been used to
measure the dielectric strength of thin ﬁlms by Ganesan et al. and even
to perform layer by layer breakdown testing on BN by Hattori et al.
[41,42]. However, AFM dielectric breakdown measurements have not
been widely used for multilayer ceramic ﬁlms past the BN ﬁlms men-
tioned above.
Ta2O5 composites had a higher maximum dielectric strength of
513 ± 18 Vμm−1 than the SiO2 composites where the maximum was
466 ± 86 Vμm−1 (see Fig. 4). There was, however, a large diﬀerence
in the conduction prior to breakdown with higher current leakage and
large oscillations seen in Ta2O5 composites resulting from charge
trapping and de-trapping. The higher the leakage current the worse the
dielectric is at preventing current ﬂow; which is the primary purpose
for these ﬁlms. Larger levels of leakage current are symptomatic of
defects in the ﬁlm, which are capable of facilitating charge transfer.
These oscillations caused by charge trapping and de-trapping, which
can be caused by intrinsic or electrical stress induced defects, were
noticeably more sever in Ta2O5 AB composites. Such oscillations were
also seen in reactively sputtered Al2O3 ﬁlms as measured by AFM
techniques [8,42]. The maximum current ﬂow prior to breakdown was
ca. 6 and 0.1 nA for Ta2O5 and SiO2 composites respectively. This shows
that the RF SiO2 acted as a superior barrier layer than the RF Ta2O5. The
lack of observable oscillations in the SiO2 composites suggests that the
SiO2 layers contained fewer defects capable of trapping charge and
were not susceptible to stress induced leakage current, which could also
cause charge trapping and de-trapping [42].
The Ta2O5 and SiO2 2AB layer composites produced the ﬁlms with
the highest dielectric strengths. This is likely due to a compromise be-
tween layer thickness and frequency of the barrier layers; given that
ﬁlms were all deposited to< 236 nm. The barrier frequency in AB ﬁlms
was insuﬃcient and the thickness of the RF layer in 4AB ﬁlms was too
thin to oﬀer as eﬀective barrier eﬀects (the RF layer is half as thick as
the 2AB sample). Such layer dependence was seen in HfO2 Al2O3
composites produced by Park et al. where composites with 7 and 5
layers had enhanced breakdown characteristics compared to 3 layer
materials; this phenomena was attributed the Al2O3 layers blocking the
current between grain boundaries in the HfO2 layers [43]. The poorer
electrical properties in the SiO2 4AB composites could also be the result
of apparent increased amount of sub Si4+ silicon from 1.9 to 15.8% at
the surface of the SiO2 composite ﬁlms as identiﬁed in the XPS in Fig. 6.
4.3. Mechanical characterisation
The pull oﬀ adhesion strengths of all of the composites were shown
to be on average 2.4 times lower than that of the solely PDC alumina
ﬁlms which had an average failure strength of 55.7 ± 2.9MPa [8]. The
failure also shifted from predominantly partial interfacial failure to
complete interfacial failure (in this study, see Fig. 5). The substrates in
both cases were treated using the same methods, thus the decrease must
be ascribed to the use of multilayers, due to the use of dissimilar ma-
terials in the ﬁlms. It could therefore be the case that the im-
plementation of multilayers resulted in a higher level of intrinsic stress,
which would result in this decrease in adhesion. Intrinsic stress in PVD
thin ﬁlms originate from either variation in thermal expansion between
the substrate and the ﬁlms or from growth induced stresses produced
during condensation [44]. Knotek et al. have explored the eﬀect of PVD
deposition techniques on intrinsic stress, showing the dramatic eﬀect of
processing parameters, achieving a 1 GPa reduction of growth induced
compressive stress by applying substrate heating [44]. For instance a
two fold increase in ﬁlm adhesion strength was seen when decreasing
Cu
Complete interfacial 
delamination
Partial interfacial 
delamination
1 mm
CuGlue
1 mm
Al Cu Al CuPull off 
Stub 
EDX 
maps
Plan view 
of pull 
failure 
sites
Ta2O5 2AB SiO2 4AB
Fig. 5. Example images of complete and partial delamination sites, for Ta2O5 2AB (left) and SiO2 4AB (right) respectively. Below each light micrograph are the EDX
maps of the pull oﬀ stub for Cu and Al, which indicate that the failure was at the Cu substrate interface.
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the intrinsic stress from 4.84× 10−9 to 0.21× 10−9 Pa by chopping in
ca. 180–200 nm CeO2 ﬁlms deposited by Patil et al., who also showed
the same eﬀect in ZnS ﬁlms [45,46]. The use of interlayers also in-
creased intrinsic stress in multilayer BaTiO3/Ni ceramic capacitors,
analysed by Park et al. [11,47]. An increase in the BaTiO3/Ni layer
frequency increased the compressive in plane stress, which reached a
maximum at<135MPa compressive stress. Complete interfacial
failure at the CueCu interface occurred at all test sites in the current
study, which indicates that the blending stages were suﬃcient to mi-
tigate cohesive failure between the sputtered layers. Blending stages
have been used extensively for improving the adhesion of diamond like
carbon ﬁlms. For instance, a number of graded layers (such as TiC) can
be used to avoid detachment and high interfacial stresses. This is
achieved through a gradation of the thermal expansion coeﬃcient
(8.6× 10−6 to 6.2× 10−6 to 1.0× 10−6 °C−1 for Ti, TiC and DLC
respectively). Gradation of this kind can also decrease lattice mis-
matches, such as in the Ti-TiC-DLC system by transitioning through a
number of intermediate mixed structures from the dominant hcp phase
of Ti to fcc for TiC [48–50]. It was also shown by Pei et al. that graded
interfaces in ZrCu/Cu multi-layered ﬁlms improved mechanical prop-
erties (elastic modulus, tensile yield stress and tensile elongation in-
creased by a minimum of 1.3 times for 8 to 10 layer ﬁlms), compared to
sharp interfaces because of the reduced stress and mismatches at the
interfaces [51].
There was no signiﬁcant diﬀerence in the average adhesion strength
of the Ta2O5 and SiO2 composites in the case of the AB and 2AB con-
formers, with pull oﬀ adhesion averages of 20.3 ± 3.8 and
16.7 ± 4.4MPa for Ta2O5 and SiO2 composites respectively. SiO2 4AB
composites did, however, have superior maximum pull oﬀ adhesion
over the equivalent Ta2O5 composites, as the average pull oﬀ adhesion
attests: 34.3 ± 4.4 and 15.3 ± 2.8MPa respectively. The coeﬃcients
of thermal expansion were reported to be 5.4× 10−6, 5.1× 10−7 and
3.6×10−6 °C−1 for sputtered Al2O3, SiO2 and Ta2O5 respectively [52].
Thus the decrease in properties when using Ta2O5 in the 4AB compo-
sites was a direct result of the larger thermal expansion coeﬃcient;
which led to an increase in internal stress within the composites upon
cooling from the processing temperature. Generally a decrease in
properties was seen when transitioning to 2AB and 4AB ﬁlms from AB
ﬁlms (Table 5) suggesting an increase in internal stress with an in-
creasing number of layers and interfaces.
Combining PDC Al2O3 with RF sputtered multilayers has been
shown to be beneﬁcial when regarding the dielectric strength of thin
ﬁlms, through a combination of defect capping and disruption of
breakdown paths. Whilst the adhesive properties suﬀered, development
of a more comprehensive interlayer system could allow these coatings
to be used as insulation for wires or micro electrical components.
5. Conclusions
AFM dielectric breakdown data displayed in this work has shown
the electrical breakdown potential for multilayer ﬁlms consisting of
pulsed DC sputtered Al2O3 and a RF sputtered SiO2 or Ta2O5 layers to
have improved breakdown strength compared to those of pulsed DC
Al2O3 alone. This was attributed to barrier eﬀects and the requirement
for charge carriers to travel across layer interfaces. The best layer
conﬁguration was seen to be the 2AB motif, which oﬀered the best
compromise between layer thickness and number of layers. Leakage
current in SiO2 composites was a maximum of 60 times lower than that
of the Ta2O5 composites prior to breakdown. SiO2 was shown to act as a
better barrier layer preventing the ﬂow of current more eﬀectively prior
to breakdown. The mechanical testing showed that the blending stages
used during ﬁlm production were suﬃcient to prevent cohesive failure
between the various layers. However, the use of the multilayer systems
was shown to decrease the adhesive properties of the ﬁlms when
compared to PDC Al2O3 alone by a minimum of two times with respect
to pull oﬀ adhesion.
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